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Abstract

We present the implementation and evaluation of a sectional aerosol microphysics
model SALSA within the aerosol-climate model ECHAM5-HAM. This aerosol micro-
physics module has been designed to be flexible and computationally efficient so that
it can be implemented in regional or global scale models. The computational efficiency5

has been achieved by keeping the number of variables needed to describe the size and
composition distribution to the minimum. The aerosol size distribution is described us-
ing 20 size sections with 10 size sections in size space which cover diameters ranging
from 3 nm to 10 µm divided to three subranges each having distinct optimised process
and compound selection.10

The ability of the module to describe the global aerosol properties was evalu-
ated by comparison against (1) measured continental and marine size distributions,
(2) observed variability of continental modal number concentrations, (3) measured
sulphate, organic carbon, black carbon and sea salt mass concentrations, (4) obser-
vations of AOD and other aerosol optical properties from satellites and AERONET15

network, (5) global aerosol budgets and concentrations from previous model studies,
and (6) model results using M7 which is the default aerosol microphysics module in
ECHAM5-HAM.

The evaluation shows that the global aerosol properties can be reproduced reason-
ably well using the coarse resolution of 10 size sections in size space. The simulated20

global aerosol budgets are within the range of previous studies. Surface concentrations
of sea salt, sulphate and carbonaceous species have an annual mean within a factor
of five of the observations, while the simulated sea salt concentrations reproduce the
observations less accurately and show high variability. Regionally, AOD is in relatively
good agreement with the observations (within a factor of two). At mid-latitudes the ob-25

served AOD is captured well, while at high-latitudes as well as in some polluted and
dust regions the modeled AOD is significantly lower than the observed.
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Regarding the most investigated aerosol properties, the performances of SALSA
and the modal aerosol module M7 against observations are comparable. However,
SALSA reproduces the observed number concentrations and the size distributions of
CCN sized particles much more accurately than M7, and is therefore a good choice
for aerosol-cloud interaction studies in global models. Our study also shows that when5

including activation type nucleation process in the boundary layer, the modeled con-
centrations of particles under 50 nm in diameter are reproduced much better compared
to when only binary nucleation is assumed.

1 Introduction

Aerosols and their interactions with clouds constitute the largest uncertainty in the esti-10

mation of present-day radiative forcing of the Earth’s atmosphere (Forster et al., 2007;
Myhre, 2009; Quaas et al., 2009), hindering seriously our ability to predict the future cli-
mate change (Schwartz et al., 2010). Reducing these uncertainties requires detailed
information on the spatial and temporal variability of the concentration, number size
distribution and chemical composition of aerosol particles throughout the atmosphere.15

Necessary tools for getting such detailed information are large-scale modeling frame-
works together with various measurements platforms (Ghan and Schwartz, 2007).

Simulating the size-resolved chemical composition of atmospheric aerosols can be
done in several ways. The most accurate and flexible in terms of the shape of the
size distribution, yet computationally most demanding, method for this purpose is the20

sectional method (e.g. Jacobson, 2001; Adams and Seinfeld, 2002; Spracklen et al.,
2005). In this approach the aerosol population is typically divided into a relatively large
number of fixed size bins, and the particle number concentration and mass concentra-
tions of different chemical constituents are being tracked separately for each size bin.
The second commonly-used method is the modal method that describes the aerosol25

population with a few log-normal modes (e.g. Vignati et al., 2004; Stier et al., 2005;
Pringle et al., 2010; Mann et al., 2010; Zhang et al., 2010). The modal approach is
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typically much faster than the sectional method, but it has some challenges in describ-
ing accurately many climatically important processes, including cloud droplet activa-
tion and atmospheric new-particle formation and growth (Zhang et al., 1999). A more
rarely-used approach is the moment method, in which all aerosol processes are tied
into different moments of the particle number size distribution (e.g. Bauer et al., 2008).5

However, in the moment method, aerosol properties require a separate retrieval so this
approach can be considered rather inconvenient for interpreting model simulations and
comparing the simulations with atmospheric measurements.

Due to computational limitations, most existing large-scale modeling frameworks em-
ploy either a modal approach or, alternatively, some combination of modal and sec-10

tional or even bulk (only aeosol mass) approaches (e.g. Liu et al., 2005a; Reddy et al.,
2005; Liao et al., 2009). The sectional model SALSA (Kokkola et al., 2008) was de-
signed to reduce the computational burden of aerosol processes via the optimization of
the model performance without losing physical features relevant to climate simulations.
As a result, the width of size bins and the degree of internal mixing are not fixed but15

vary over the particle size range in SALSA. The number of chemical compounds and
active processes modeled vary also from size bin to another. These simplifications
reduce the computational burden significantly without neglecting any of the most sig-
nificant processes or chemical compounds. Comparisons to a detailed aerosol model
demonstrated that SALSA is capable of simulating accurately basic aerosol microphys-20

ical processes in a zero dimensional framework (Kokkola et al., 2008). The main ad-
vantage of SALSA compared to modal methods is that no pre-defined assumptions of
the particle size distribution shape are used, which can significantly affect e.g. cloud
activation predictions.

In this work, we present an evaluation of the SALSA model in the global general25

circulation modeling framework ECHAM5. We compare the aerosol representation
of SALSA to that of the M7 modal model that is also implemented in ECHAM5 (Stier
et al., 2005) and has been applied in several studies (e.g. Lohmann et al., 2007; Hoose
et al., 2008; Sesartic et al., 2011; O’Donnell et al., 2011; Partanen et al., 2011). Our
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comparison focuses on global aerosol budgets, aerosol optical properties and particle
number size distributions. To assess the qualitative correctness of the representation,
comparisons to in situ measurements and satellite observations are performed as well.

2 Model description

2.1 Aerosol-climate model ECHAM5-HAM5

The atmospheric general circulation model ECHAM5 developed at Max Planck Insti-
tute for Meteorology is a fifth generation global climate model (Roeckner et al., 2003,
2004). The prognostic equations are solved as spherical harmonics with triangular
truncation. In ECHAM5 the horizontal grid is discretised using the spectral transform
method. Gridpoint calculations are done in a Gaussian grid. For vertical discretisation10

ECHAM5 uses the hybrid σ-pressure coordinates. In ECHAM5 the pressure ranges
from 1013 hPa to 10 hPa. In this study we have used spectral truncation of 63 (corre-
sponding to approximately 1.9◦ ×1.9◦ on the gaussian grid) and 31 levels in the vertical.
The time step for this resolution is 12 min. Large scale transport uses the Flux Form
Semi-Langrangian (FFSL) method by Lin and Rood (1996).15

The Hamburg Aerosol Model (HAM) (Stier et al., 2005) consists of emission, removal
and microphysical parts. Emissions and removal processes are partly calculated on-
line and partly prescribed. Aerosol microphysics are calculated using the M7 modal
aerosol model by Vignati et al. (2004). In our study we have replaced the M7 model
with SALSA model and compared the differences.20

2.2 Nudging

Simulations are done using the nudging method described by Jeuken et al. (1996). The
method relaxes the synoptic scale meteorology towards observed atmospheric condi-
tions by using atmospheric re-analysis data, in our case the ECMWF (The European
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Centre for Medium-Range Weather Forecasts) operational re-analysis data (Uppala
et al., 2005). This technique is known to produce too slow wind speeds (Timmreck and
Schulz, 2004) and thus produce too small amounts of wind-driven aerosols. Neverthe-
less, it is the best way to quantify the differences in aerosol population that are induced
by the differences in the aerosol models within ECHAM5-HAM aerosol-climate model.5

2.3 SALSA model

SALSA model describes the aerosol population with a moving center sectional ap-
proach (Jacobson, 1997b). SALSA is constructed to allow flexible modification of the
amount of bins and their boundaries. In this study SALSA consists of 20 size sec-
tions, of which 10 are defined in size space with parallel size sections depending on10

the external mixing of different sized particles (see Fig. 1). These size sections cover
diameters ranging from 3 nm to 10 µm. The diameter range is divided into three dif-
ferent subranges with three or four size sections. The size section boundaries within
subranges are spaced logarithmically and the diameter limits between size sections
are shown in Table 1. External mixing of particles is limited to subranges 2 and 3.15

To reduce the computational burden the handling of processess affecting different
sections has been simplified. Simplifications include confining compounds and pro-
cesses in order to include only the most relevant ones in the given size range. Pro-
cesses are listed in Table 2. The subranges and their compounds have been described
in Table 3. In the third subrange only number concentrations and mass concentration20

of water soluble material are considered. The prognostic variables include a particle
number concentration for each section and a mass concentration for particles in sec-
tions below 700 nm. As mass is not a prognostic variable in subrange 3 the sectional
mean diameter is fixed.

Aerosol number and mass mixing ratios are transported as tracers for subranges 125

and 2, while only number mixing ratio tracer is transported for 3rd subrange. In the
3rd subrange the aerosol radii are constrained to the mean volume of a given size sec-
tion. Compounds included in the model are sulphate (SU), organic carbon (OC), black

3628

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3623–3690, 2011

SALSA
implementation in

ECHAM5-HAM

T. Bergman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

carbon (BC), sea salt (SS) and dust (DU). In addition to these compounds there is a
water soluble mass tracer in subrange 3c which includes all water soluble compounds.

Subrange 1 consists of three sections and there are no parallel size sections. This
section consists mainly of freshly nucleated particles with a particle diameter between
3 nm and 50 nm. The particle compounds include only sulfate and organic carbon.5

Particles in subrange 1 are grown by condensation and lost by wet deposition and
by coagulation with larger particles.

Particles with diameter between 50 nm and 700 nm reside in subrange 2. This sub-
range has two externally mixed bins for each of the four size sections. The externally
mixed sections are separated by their solubility which represents their ability to act as10

cloud condensation nuclei. Wet deposition is a significant removal process for these
particles. This subrange involves all compounds: organic and black carbon, sulphate,
sea salt and mineral dust. Soluble bins include all compounds while the insoluble sec-
tions include all compounds except sea salt.

The three size sections in subrange 3 have a particle range from 700 nm to 10 µm.15

All the three size sections have three parallel bins. Most of the particles originate from
natural sources. There are three externally mixed subranges: sea salt, soluble dust,
and insoluble dust. The remaining water soluble compounds are treated as one com-
pound (water soluble – WS) within the insoluble dust group. The particle dry diameter
is fixed in this subrange. Number concentration and the mass of water soluble material20

are the only prognostic variables.

2.4 Microphysical processes

One of the computationally most expensive processes in modeling the aerosol popu-
lation is coagulation. Therefore, coagulation is calculated for each bin so that particles
will only collide with larger particles. However, there is an exception for subrange 2b25

where particles can also collide with particles in the same parallel size bin in subrange
2a. Collisions where both colliding particles have diameters exceeding 700 nm the cal-
culation is omitted due to small coagulation coefficients (Seinfeld and Pandis, 2006).
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The mass transfer of gaseous H2SO4 onto particle surfaces is calculated using Ana-
lytical Predictor of Condensation scheme (Jacobson, 1997a) with the saturation vapor
pressure set to zero. For collision rate expression we use the one in Lehtinen et al.
(2004). For simultaneous calculation of nucleation and condensation we use the oper-
ator splitting technique developed by Jacobson (2002).5

The equilibrium wet diameter of particles in different size bins are calculated using
the ZSR method (Stokes and Robinson, 1966). To reduce the computational burden
hydration is calculated only for soluble size bins. We use binary molalities for inorganic
salts in the calculation of hydration using parameterisations given by Jacobson (2005).
For organics we assume ideal behaviour.10

2.4.1 New particle formation

Particle number in the atmosphere can increase in two different ways: as primary
particles by emission or as secondary particles by going through the gas-particle
transformation-nucleation. For the calculation of nucleation the current setup has three
optional mechanisms in the boundary layer: parameterised sulphuric acid-water binary15

homogeneous nucleation parameterisation (Vehkamäki et al., 2002), and two empiri-
cal parameterisations for kinetic (Sihto et al., 2006; Riipinen et al., 2007) and activation
nucleation (Kulmala et al., 2006; Riipinen et al., 2007). The binary nucleation is applied
to whole atmosphere with an exception in the cases with empirical parameterisations.
In these cases the empirical parameterisations substitute the binary nucleation in the20

boundary layer.
Both activation-type and kinetic-type nucleation parameterisations calculate the 1 nm

particle formation rate as a function of sulphuric acid concentration

J1 =K [H2SO4]l , (1)

where K is the empirically defined activation (or kinetic) coefficient (for activation-type25

nucleation we have used K =1×10−7 s−1; Sihto et al., 2006; Riipinen et al., 2007) and l
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is the nucleation exponent, which is 1 for activation (or 2 for kinetic) nucleation scheme.
The binary homogeneous nucleation is parameterised as a function of temperature,
relative humidity and sulphuric acid as described by Vehkamäki et al. (2002).

Nucleation produces particles that have a diameter of approximately 1 nm. As the
smallest section in SALSA has a lower limit of 3 nm, the growth of these freshly nu-5

cleated particles from 1 nm to 3 nm by molecular collisions and condensation must be
calculated before the particles can be inserted in the section 1a1. To calculate the
growth we have implemented three different parameterisations developed by Kermi-
nen and Kulmala (2002), Lehtinen et al. (2007) and Anttila et al. (2010). Kerminen and
Kulmala (2002) calculate the growth of 1 nm particles by condensation. Lehtinen et al.10

(2007) improve the applicability of the Kerminen and Kulmala (2002) parameterisation
for wider range of atmospheric conditions. The Anttila et al. (2010) parameterisation
includes the condensational growth together with self-coagulation. The effect of these
parameterisations is not compared and will be a subject for a future study. In this study
we have used the Kerminen and Kulmala (2002) parameterisation. This parameterisa-15

tion has the form

J3 = J1exp
(
γ

CS
GR

)
, (2)

where J1 and J3 are the nucleation rates of 1 nm and 3 nm particles. γ is a parameter
calculated on-line depending on particle population and temperature. CS is the con-
densation sink, the surface of other aerosol particles consuming condensing vapors20

and GR is the nuclei growth rate calculated from the concentrations of condensable
vapors according to Kerminen and Kulmala (2002).

Other new particle formation schemes (e.g. participation of organic vapors) will also
be a subject of a future study.
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2.4.2 Chemistry

The sulphur cycle is based on the sulphur cycle model by Feichter et al. (1996). The
considered gas phase sulphur compounds are dimethylsulfide (DMS), sulphur dioxide
(SO2) and sulphuric acid (H2SO4).

The prescribed 3-D oxidant fields of OH, H2O2, NO2, O3 are calculated with the5

comprehensive MOZART model by Horowitz et al. (2003). Gas phase DMS and SO2
are oxidised by hydroxyl (OH), and additionally DMS reacts with nitrate radicals (NO3).
Aqueous phase oxidation of SO2 by H2O2 and O3 is considered. The aqueous phase
concentration of SO2 is calculated using Henry’s law accounting for dissolution effects.

Sulphate produced in gas-phase is allowed to condense on existing particles or to10

nucleate. Sulphate produced in-cloud is distributed into available pre-existing particles
in subranges 2a and 3a. Existing number mixing ratios are used to calculate the frac-
tion of sulphate to insert in a subrange. Within a subrange the mass is distributed
evenly into all sections. In case of no pre-existing particles all of the sulphate mass is
converted into number mixing ratio and placed in subrange 3a.15

2.4.3 Repartitioning of number and mass concentrations

In M7, particles are transfered to soluble mode when there is one mono-layer coating
of soluble material on them (see Vignati et al., 2004). In SALSA, the move requires
a predefined fraction of soluble material to condense on the particles before they are
transfered to the soluble bin which is of the same diameter. The critical soluble fraction20

for each bin is calculated using Köhler theory using supersaturation of 0.5 % (Kokkola
et al., 2008). While this is implemented in the model, in this study the repartitioning is
not used.

In SALSA, the compounds have mass tracers only in subranges 1 and 2, and there-
fore the growth of particles over the boundary between 2nd and 3rd subrange has to25

be treated separarely. When particles grow over the boundary, all mass mixing ratios
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in 2a4 are transferred to 3b1. The corresponding particle number mixing ratio is calcu-
lated from the transferred mass using the fixed bin mean diameter. Also growth over
the boundary of subrange 2b is calculated in similar fashion. The insoluble material
from 2b4 is transfered to 3c1 and converted to number concentrations using bin mean
diameter. However, for the soluble material in subrange 2b there is water soluble mass5

tracer associated with the subrange 3c. The soluble mass fraction from 2b4 is trans-
ferred to water soluble fraction of 3c1 during growth over the subrange boundary.

A more detailed description of SALSA can be found in Kokkola et al. (2008)

2.5 Removal processes

2.5.1 Wet deposition10

Wet deposition is the removal of trace gases and aerosols by clouds and precipita-
tion. Implementation of this process includes re-evaporation and subsequent release
of aerosols back to the atmosphere as well as in-cloud and below cloud scaveng-
ing. Removal of SO2, DMS and H2SO4 by precipitation and clouds is calculated using
Henry’s law (see e.g. Seinfeld and Pandis, 2006).15

Aerosols are scavenged by clouds through activation of aerosols as cloud condensa-
tion nuclei (CCN). However, the activation of aerosols to CCN is not calculated explicitly
in the used model version. Instead their removal is parameterized using solubility of dif-
ferent compounds using method described in Stier et al. (2005). The change of tracer
i is calculated with20

∆Ci

∆t
=
RiCi f

cl

Cwat

(
Qliq

f liq
+
Qice

f ice

)
(3)

where Ri is the size and composition dependent scavenging parameter for aerosols.
Ci and Cwat are the mixing ratios of particles and total cloud water, respectively. f cl is
the cloud fraction, f liq and f ice are the liquid and ice fraction of cloud water. Qliq and Qice

are the respective sums of conversion rates of cloud liquid water and cloud ice water25
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to precipitation through auto-conversion, aggregation and accretion. The calculation is
unchanged from Stier et al. (2005) where a more detailed description can be found.
Coefficients Ri for SALSA follow Stier et al. (2005) and are shown in Table 4. As the
coefficients are essentially the same for SALSA and M7, the variations in removal rates
for aerosols depend mainly on the simulated cloud patterns.5

Aerosols below a precipitating cloud are removed from the atmosphere by rain
droplets. Their removal depends on aerosol concentration, collection efficiency and
area of precipitation. Largest effect on below cloud scavenging is caused by size
dependent collection efficiency of rain and snow which follows the one presented in
Seinfeld and Pandis (2006, see Ch. 20).10

2.5.2 Dry deposition

Dry deposition velocity is calculated using serial resistance analogy. The resistance
analogy calculates the deposition velocity as inverse of resistance of the surface vd =
r−1, where the resistance r is parameterised by the surface properties. The scheme
of Ganzeveld and Lelieveld (1995) and Ganzeveld et al. (1998) is used. Dry deposition15

flux is calculated using

Fd =Cρairvd, (4)

where C is the number mixing ratio, ρair is the air density and vd is the dry deposition
velocity. Key obstacle in calculating the dry deposition flux is to calculate the depo-
sition velocity, which ties together all relevant processes involved. The total apparent20

resistance of the surface is divided into three parts: aerodynamical ra, quasi-laminar rb
and surface rs resistances. The aerodynamic resistance ra is calculated in ECHAM5.
The quasi-laminar, or boundary layer, resistance is determined from the kinematic vis-
cosity of the air. And the third term, surface resistance, is prescribed for most of the
trace gases. Only for SO2, it is calculated by parameterisation of pH, relative humidity,25

surface temperature and the canopy resistance (Stier et al., 2005). Total resistance is
the sum of the three resistances.

3634

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3623–3690, 2011

SALSA
implementation in

ECHAM5-HAM

T. Bergman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Aerosol particle dry deposition for both M7 and SALSA uses the big leaf method with
r = ra+rs. The aerosol deposition is calculated on-line using the bin number and mass
to calculate the aerosol deposition velocity as a function of particle radius, density,
turbulence and surface cover as in Stier et al. (2005). More detailed calculation is
presented in Kerkweg et al. (2006).5

2.5.3 Sedimentation

Aerosol particles within the atmosphere are drawn towards the surface by gravitation
– this process is known as sedimentation. Sedimentation velocity is calculated using
Stokes law (Seinfeld and Pandis, 2006)

F =
3πµRpU∞

Cc
, (5)10

where Rp is the particle radius, µ is air viscosity, u∞ is wind velocity and Cc is the
Cunningham slip correction factor. For particle radius and diameter we use bin mean
radius in similar way as M7 uses the mode mean radius.

The calculation of sedimentation relies on the radii of the particles, and as the parti-
cles in different sections can be internally mixed, the deposition velocities for different15

internally mixed compounds are the same. As the sedimentation velocity might break
the Courant-Friedrich-Lewy stability criterion the sedimentation velocity is limited to
v ≤ ∆z

∆t , where ∆t is the timestep length and ∆z is the model layer thickness.

2.6 Emissions

The emission module has been rewritten to produce input suitable for a sectional20

model, while keeping the emission routines otherwise intact. Sea salt, dust and oceanic
DMS emissions are calculated on-line. For anthropogenic emissions we have used Ae-
roCom year 2000 emission inventory (Dentener et al., 2006) with modifications by Stier
et al. (2005), even though the simulation runs were made using meteorology for year
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2008. As both M7 and SALSA runs have emissions for the same year this should not
cause significant differences between the experiments. However, when comparing to
actual observations for year 2008 the emissions from year 2000 may cause discrepan-
cies.

2.6.1 Carbon emissions5

Carbonaceous emissions in particle phase have been mapped to sectional space so
that all carbonaceous mass is emitted in subranges 1a, 2a or 2b. The mapping is cal-
culated using lognormal distributions by Stier et al. (2005) with median particle radius
r̄ = 0.075 and standard deviation σ = 1.59 which are adapted from the distributions by
Dentener et al. (2006) which have r̄ =0.04 and σ =1.8.10

There are three different emission sources for black carbon: biofuel, wildfire, and
fossil fuel. Black carbon is assumed to be insoluble, and as such it is emitted to sections
within subrange 2b only.

For organic carbon there are four different sources: biogenic, vegetation fire, biofuel
and fossil fuel. 65 % of the biomass burning is assumed to be water soluble (Mayol-15

Bracero et al., 2002) and emitted to subranges 1a or 2a. This organic carbon is mostly
emitted through vegetation fires. The remaining 35 % is emitted as insoluble particles
to subrange 2b.

2.6.2 Sulphur emissions

Sulphur is emitted to the atmosphere mainly as SO2 from natural and anthropogenic20

sources. Naturally sulphur is emitted to the atmosphere mainly by continuous and
explosive volcanic activity. Also a large natural source of SO2 is its precursor dimethyl-
sulfide emitted from both oceanic and terrestial sources. Anthropogenic sources of
SO2 include wild fires, fossil fuel and biomass burning.

Emissions from volcanic sources are based on GEIA inventory (http://www.igac.25

noaa.gov/newsletter/22/sulfur.php; http://www.geiacenter.org/) (Andres and Kasgnoc,
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1998). Sulphur emission size dependence from anthropogenic sources follow the
modal structure published by Dentener et al. (2006). However, in HAM emissions
are adapted to use the M7 modal parameters (Stier et al., 2005). For the interest of
this comparison the emissions are mapped to SALSA sectional structure using the M7
modal parameters.5

Most of the anthropogenic sulphur – 97.5 % – is emitted as SO2 and 2.5 % is emitted
as particulate SO4 (Dentener et al., 2006). The primary emissions of SO4 are emitted
to subranges 1a, 2a and 3b. Sulphur is emitted to second lowest model level. Original
1◦ ×1◦ gridded data is remapped to model resolution 1.9◦ ×1.9◦ using area weighted
averaging.10

Emissions of oceanic DMS are calculated on-line by using Nightingale et al. (2000)
parameterization for air-sea exchange transfer velocities using simulated 10 m wind
speeds. Continental DMS emissions are prescribed as reported by Pham et al. (1995).

2.6.3 Sea salt emissions

The sea salt emission scheme has been rewritten and therefore we provide a more15

detailed description of its emission than for other compounds.
Sea spray droplets are produced by mechanical tearing of waves or by bursting of

bubbles on the sea surface (e.g. de Leeuw et al., 2011). These mechanisms can be
expressed with several different sea spray generation functions that can be found in
the literature. Usually these formulas provide parameterisation of the emission flux20

as a function of 10 m wind speed. Guelle et al. (2001) show that the formulation of
Monahan et al. (1986) is best suited for small particle range (rdry below 4 µm). However,
Gong (2003) has found out that for particles under 0.2 µm radius using the Monahan
et al. (1986) parameterisation overestimates the number flux and has formulated a new
parameterisation for these small particles. For particles with dry radius above 4 µm and25

below 20 µm the formulation of Smith and Harrison (1998) or Andreas (1998) should
be used. We have used the Andreas (1998) formulation for these larger particles.
We calculate the emission flux into 2nd and 3rd sub ranges, and hence we use all
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three parameterisations. In the following formulae r stands for radius at RH 80 %. For
the smallest sea salt emission in the radii range from 50 nm to 400 nm emissions are
calculated using the Gong (2003) parameterisation

dF
dr

=1.373U3.41
10 r−A (1+0.057r3.45)101.607e−B2

, (6)

when 0.05 µm≤ r ≤0.4 µm,5

where A= 4.7(1+Θr)−0.017r−1.44

and B = (0.433− log r)/0.433. Θ is a fitting param-
eter that can be used to adjust the emissions below 0.2 µm. U10 is the windspeed
at 10 m height. According to Gong (2003) changing the parameter Θ from 30 to 15
can increase the number concentrations as much as one order of magnitude and val-
ues 30–40 produce similar emissions. Hence, we have used Θ= 30 which will cause10

underestimation rather than overestimation.
In the 400 nm to 8 µm range the flux is calculated using Monahan et al. (1986)

dF
dr

=1.373U3.41
10 r−3 (1+0.057r1.05)101.19e−B2

, (7)

when 0.4 µm≤ r ≤8 µm,

where B= (0.380− log r)/0.65015

For the largest particles with radii over 8 µm we use the Andreas (1998) parameteri-
sation

dF
dr

=CU10r
−1, when r ≥8 µm, (8)

where parameter C is calculated by assigning Eq. (7) at its upper limit equal with Eq. (8)
at its lower limit.20

Following these parameterisations we calculate the number and mass fluxes using
10 m wind speeds in the range from 0 to 32 m s−1. The fluxes are calculated by in-
tegrating over each section separately The number flux within a section is calculated
from the mass flux using sectional mean diameter.
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2.6.4 Dust emissions

Mineral dust is found throughout the atmosphere either as fine grained silt or as coarse
grained minerals. Mineral dust is lifted to the atmosphere by the surface winds. Higher
wind speeds increase the amount and also the size of emitted dust particles.

Dust emissions are calculated using the parameterisation by Tegen et al. (2002).5

Dust flux is calculated online using 10 m wind speeds, soil clay content and soil mois-
ture from ECHAM5. Both SALSA and M7 use the same parameterisation. The Tegen
et al. (2002) parameterisation calculates the flux in sectional space which is mapped to
M7 modal structure. To produce minimal differences between the models, we use the
M7 modal formulation of the flux, which is then mapped to SALSA sections. Mineral10

dust is emitted to subranges 2b and 3c.

2.7 Radiation

Calculation of aerosol optical properties is computationally very expensive and is there-
fore unfeasible to be done online. Instead the needed aerosol properties have been
calculated beforehand for 24 spectral bands as shown by Toon and Ackerman (1981).15

These precalculated values are provided as lookup tables for the ECHAM5-HAM with
three dimensions: Mie parameter α = 2πr/λ, real and imaginary refractive indices nr
and ni . For the Mie parameter we have r as the mean radius of a section and λ as the
wavelength. The compound specific complex refractive indices nr and ni are shown in
Table 5.20

Each bin can have varying amounts of different compounds. Therefore we approxi-
mate nr and ni by volume weighted average of the refractive indices of individual com-
pounds including aerosol water. As reported by Lesins et al. (2002) the error of AOD
in the extreme case of black carbon and water can reach up to 15 %.

From the lookup tables the model retrieves the extinction cross section, single scat-25

tering albedo and assymmetry factor. Using these values the aerosol optical depth and
Ångström exponent are then calculated for each bin at each grid point and each level.
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3 Comparison to other model studies

3.1 Budgets of aerosol species

Aerosol budgets and lifetimes give us an overview of the cycling of different com-
pounds. The compound specific global aerosol budget varies both spatially and tem-
porally.5

We have compared the simulated global budget of aerosols between SALSA and
M7. To ease the comparison we have also provided corresponding values reported by
Liu et al. (2001) and Textor et al. (2006). As Textor et al. (2006) focus on particulate
species we have included the Liu et al. (2001) for reference of the gaseous species
within the sulphur cycle. The overview of aerosol lifecycles is presented in Tables 610

and 7. Table 6 summarises the global sulphur cycle for ECHAM5-HAM with SALSA
and M7 and Table 7 summarises the aerosol budget for black carbon, organic carbon,
sea salt and dust.

3.1.1 Sulphur

The sulphur cycle presented in Table 6 is relatively unchanged with the SALSA micro-15

physics when compared to the cycle of M7. Overall, the burdens of sulphur compounds
are nearly identical to those simulated with M7.

Simulated burden of particulate SO4 is the same with SALSA and M7 at 0.64 Tg(S).
It is only 0.02 Tg (3.0 %) smaller than the amount reported in AeroCom comparison
where the mean for 16 models is 1.99 Tg(SO4) which corresponds to 0.66 Tg(S) (Textor20

et al., 2006, see Table 10.). SALSA shows four times higher mass of nucleated SO4
than M7. This is partly explained by the model structure. In SALSA the nucleated mass
of sulphur includes also the sulphur consumed by growth of freshly nucleated particles
from approximately 1 nm to 3 nm in diameter.

For the particulate SO4 the difference between the models is caused mainly by25

aqueous chemistry where the SO2 is oxidised in clouds to produce particulate SO4.
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Additionally there are small differences in condensation, which contributes roughly one
quarter of the particulate phase sulphur. The condensation is only 0.62 Tg (2.7 %)
higher than with M7. While the pathways to particulate SO4 are clearly different, the
global average burdens for SO4 particles are the same with both models. On the one
hand dry deposition of SO4 with SALSA and M7 is lower than reported by either Liu5

et al. (2005b) or AeroCom. On the other hand wet deposition with SALSA is at the
upper bound of the model spread reported by Liu et al. (2005b). Despite the mismatch
between SALSA and AeroCom or SALSA and Liu et al. (2005b) the total sink is almost
the same as in AeroCom comparison and within the variation of Liu et al. (2005b). The
lower sources therefore seem to be compensated with lower sinks.10

The overall burden of sulphur associated with gas phase H2SO4 7×10−4 Tg is 22 %
smaller than with M7. This difference is caused by differences in sources and sinks.
While M7 uses all the available H2SO4 for condensation and nucleation, in SALSA the
amount depends on the equilibrium mass transfer between particles and gas phase
H2SO4.15

The burden of SO2 is 0.23 Tg (26.4 %) lower than with M7, but 0.03 Tg (5.0 %) higher
than maximum burden reported by Liu et al. (2005b). The aqueous oxidation from SO2
to particulate SO4 is 11.41 Tg (19.0 %) lower with SALSA. Differences in aqueous ox-
idation, however, are probably caused by differences in the low-level cloud cover be-
tween the model runs (see the cloud cover in Table 6) and do not necessarily indicate20

differences induced by the different microphysics. Cloud cover of low level clouds (be-
low 750 hPa) for SALSA run is 3.7 % lower than with M7 which causes lower aqueous
oxidation of SO2 (see the cloud cover in Table 6). The oxidation of SO2 with OH is
clearly (51.6 %) higher with SALSA than with any of the models included in the study
by Liu et al. (2005b). This may be a result from inefficient wet and dry deposition of SO225

(39.7 % and 13.5 % lower than with M7), which are at the low end of variation reported
by Liu et al. (2005b). The produced H2SO4 might be overestimated as a result of high
oxidation of SO2 with OH. However, the more detailed study of the SO2 dynamics are
beyond the scope of this study.
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DMS emissions are calculated online using the simulated 10 m windspeeds, and
despite the nudging method, the global annual mean 10 m wind speeds are 4 % lower
with SALSA. The lower windspeeds cause 11 % lower emissions of DMS with SALSA.
As DMS is globally a large source of sulphur, lower DMS leads to slightly lower mass
of SO2 and SO4. However, the emissions with SALSA are at the upper bound of the5

variation in the emission of DMS as reported by Liu et al. (2005b).

3.1.2 Organic carbon

As the prescribed emissions of organic carbon are the same for SALSA and M7, there
is no difference between the models. Atmospheric burden of organic carbon (OC) at
0.96 Tg differs only 0.03 Tg (3 %) from the burden simulated with M7 (0.93 Tg). As the10

organic carbon mass is associated only with subranges 1 and 2, this suggests that
most of the OC is in particles below 700 µm in diameter. In AeroCom comparison the
mean of particulate organic matter is found to be 1.7 Tg which corresponds to 1.21 Tg
(OC) being 21 % higher than with SALSA. While the burden is practically the same for
both models, the lower removal of organic carbon indicates that part of the mass is15

transfered to subrange 3 and thus implies that the burden should be even little higher
with SALSA. Underestimation of organic carbon mass is expected as organic carbon
mass is underestimated in most global aerosol-climate models (Jathar et al., 2011) .

For organic carbon the sinks are 20 % (11.55 Tg) lower with SALSA, because with
SALSA the mass of individual compounds is lost when particles grow larger than20

700 nm. This is also seen as lower sedimentation of organic carbon particles, which
mainly affects very large aerosols. This leads to sedimentation being 2.5 times smaller
because only sedimentation of OC is tracked only for particles under 700 nm.

3.1.3 Black carbon

Similarly to organic carbon the emissions are the same with both models. The burden25

of black carbon is 0.07 Tg which is 0.03 Tg lower than that of M7. Both models have
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simulated burden lower than in any of the studies mentioned by Liu et al. (2005b) and
clearly lower than the mean of the models participating in AeroCom intercomparison.
However, even in the AeroCom comparison ECHAM5-HAM has the lowest BC bur-
den of all models which is probably due to lower emissions of carbonaceous material
than in the other models. Similarly to organic carbon the removal of black carbon is5

lower in SALSA than in M7 being less than half of the emitted mass. Removal being
clearly lower than emission implies that relatively large portion of particles are grown
to subrange 3 and the actual burden might be within the variation reported by Liu et al.
(2005b). The growth of black carbon to 3rd subrange is partly caused by low removal of
insoluble particles by wet deposition thereby increasing the time for growth of particles.10

3.1.4 Sea salt and mineral dust

As a large portion of the mass of sea salt and mineral dust is in particles larger than
700 nm in diameter, the mass of these particles is estimated using the mean diameter
of particles and their densities.

Sources for sea salt are significantly higher with SALSA which is caused by the new15

formulation of sea salt emissions while differences in wind patterns may also play a role.
The burden of sea salt is quite similar for both models. However, the sedimentation is
66 % higher with SALSA. As dry and wet depositions are of similar magnitude (within
9 % and 22 % respectively) in both models. The emissions are clearly higher with
SALSA mainly due to higher wind speeds at the Southern Ocean. Despite the 1200 Tg20

difference for the emission of sea salt particles, the burden is only 0.83 Tg (6.6 %)
smaller with SALSA. It seems that the large difference in emissions is compensated by
larger sedimentation with SALSA.

With dust, however, emission and burden are clearly lower with SALSA than with M7.
The emissions with SALSA are less than half (44 %) of the emissions with M7. SALSA25

emissions are similarly less than half of the amount reported in the AeroCom emission
inventory (Dentener et al., 2006). The difference is caused by 7 % lower surface wind
speeds over land with SALSA and the calculation of emissions using modal parameters
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for SALSA bin structure. Dry removal processes are still quite comparable (9 % lower),
and the main difference in the total removal rate is due to wet deposition. In SALSA
mineral dust is mainly emitted to insoluble bins and therefore has weaker wet deposition
flux. Also the removal by dry deposition and sedimentation is low especially when
comparing with AeroCom comparison. This might be influenced by fixed bin diameters5

in the sub region 3 as sedimentation velocity is dependent on the particle diameter.
Water soluble fraction in the subrange 3c constitutes very small part of total aerosol

loading. Global burden is only 0.0087 Tg which is in the same range as gas phase
H2SO4.

3.2 Lifetimes10

We calculated the lifetime of particles by using a relation between source and burden
rather than sink and burden. We chose this way because part of the aerosol mass is
transferred to subrange 3 which does not include mass tracers. However, there will
be some error because the burden does not include particles larger than 700 nm in
diameter for OC, BC and SO4.15

The lifetimes of black carbon and sea salt are lower with SALSA, but otherwise M7
predicts longer lifetimes. For black carbon and dust the difference in lifetimes between
models exceeds one day.

Lifetimes for the simulated compounds except black carbon are within the variation
reported in the AeroCom intercomparison (Textor et al., 2006). In all cases SALSA is20

within the variation shown in Liu et al. (2005b).
The largest difference to AeroCom multimodel mean is found in black carbon, which

is most probably caused by the coagulation or growth losses to particles larger than
700 nm in diameter. Lower burden and lower removal by dry and wet deposition and
sedimentation could indicate that a large fraction of the material is removed by the25

processes only after growing over 700 nm boundary in the aerosol model.
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Even though the sea salt emissions are higher, the lifetime of particles is shorter than
with M7, because the removal rate of sea salt is increased. The increase in removal is
mainly due to higher sedimentation in SALSA than in M7, thereby resulting in 21.6 %
smaller lifetime than with M7.

For dust the lifetime with SALSA is 2.45 days lower than with M7 but the proportional5

significance of different removal processes are rather consistent with M7 while the
emissions are less than half of those simulated with M7 and little less than in other
studies previously reported (Liu et al., 2005b; Textor et al., 2006).

3.3 Spatial distribution of aerosol mass

Figure 2 shows the annual mean of vertically integrated column mass of the com-10

pounds in particulate phase. Aerosol mass distribution of different compounds varies
depending on the properties of the compound as can be seen in Fig. 2. Removal and
transport depends largely on the composition of particles, and particles consisting of
mainly water soluble material are more prone to be removed by wet deposition, and
fine insoluble particles will more probably be transported further from the source.15

Sulphate is seen in large areas over both land and ocean. The wide dispersal of SO4
results from SO2 dispersion throughout the atmosphere and its oxidation to H2SO4 and
consequent nucleation and condensation. Regions with highest burdens for organic
carbon coincide with strong emission areas as most of the global organic carbon is
found in the South America and Central Africa. The column burden of sea salt is20

naturally high over the oceans. However, there are also relatively high burdens in some
parts of e.g. Australia, South-America and East-Coast of Africa indicating transport
towards inland.

Sea salt burden is highest in the Southern Ocean, area which has reportedly very
high windspeeds (Yuan, 2004) producing large amounts of sea salt. By comparing sea25

salt and aerosol water burdens in Fig. 2d and 2f we can see that a large part of aerosol
water is associated with sea salt aerosols.
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Dust burden is highest near large deserts. Most prominently the dust emissions from
deserts are seen over Sahara while also Asian and Australian deserts show large dust
burden. The transport of Saharan dust all the way to Amazonia can be seen and the
transport of Saharan mineral dust to Amazonia has also been observed by Gilardoni
et al. (2011).5

3.4 Vertical distribution

In Fig. 3 we show the annual mean of the zonally averaged number concentrations for
SALSA (left hand panels) and M7 (right hand panels). The M7 number concentrations
are calculated for SALSA subrange diameter ranges to facilitate comparison. Addition-
ally we have plotted the M7 number concentrations of particles below the lower limit of10

SALSA in the topmost panel on the right hand side.
In the panel (a) we can see that especially in the upper troposphere the binary nu-

cleation creates extremely high amount of particles that do not show up in SALSA due
to their inability to grow over 3 nm in diameter, which is the low cut off diameter of
SALSA’s size distribution.15

With M7 the concentrations of particles 3–50 nm in diameter are between 2000–
10 000 at the maximum while SALSA has concentrations as much as ten times higher
with 10 000–50 000 cm−3 in the upper troposphere. Additionally the high concentrations
extend to somewhat lower pressures. The difference for particles 3–50 nm in diameter
between SALSA and M7 is caused primarily by different treatment of the smallest par-20

ticles. In SALSA the sub-3 nm particle growth has been parameterised while M7 has
a nucleation mode that extends to this size range. As much of the condensating vapor
H2SO4 is used for nucleation in M7, the particles do not grow enough to show up in the
3–50 nm range.

In the 200 hPa region of subrange 2, SALSA has concentrations of 20–100 cm−3
25

while M7 has concentrations below 10 cm−3. This difference is probably a result
from having four bins in SALSA and one or two modes with M7, thereby producing
more accurate description for removal processes. In addition, with SALSA the particle
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concentrations in the boundary layer are higher at high latitudes with concentrations of
20 to 50 cm−3 as compared to 0 to 10 cm−3 of M7. Near the equator the concentration
maximums are closer, but still SALSA shows more particles than M7.

In the 3rd subrange the concentrations are relatively similar with both models. How-
ever, with SALSA the particles are transported higher and M7 shows slightly higher5

concentrations in the 200–600 hPa region.
In the southern hemisphere (60◦ S to 30◦ S) the surface concentrations with M7 are

higher in this size range. There SALSA shows only 2–5 cm−3 while M7 has values
2–10 cm−3 thus SALSA has roughly halved concentrations. In this region most of the
particles are sea salt and it seems that in SALSA the sea salt particles are larger and10

fewer, which may be caused by the fixed diameters used in the 3rd diameter range.

4 Comparison to surface measurements

4.1 Surface concentrations of particulate mass

We have compared the simulated and the observed annual mean surface mass con-
centrations (Fig. 4) of sulphate, organic carbon, black carbon and sea salt at mea-15

surement stations within European Monitoring and Evaluation programme (EMEP;
http://www.emep.int) and United States Interagency Monitoring of Protected Visual En-
vironment (IMPROVE; http://vista.cira.colostate.edu/improve/) networks. The scatter-
plots show the simulated concentrations in the lowest model layer in the gridboxes
corresponding to measurement site locations. From IMPROVE network we have in-20

cluded data for 169 sites which correspond to 117 different gridpoints. To avoid com-
paring one gridpoint to more than one observation we have averaged the station data in
cases where more than one station corresponds to a single gridpoint. From the EMEP
network we found only 11 sites with data for year 2008 and from these only 7 had data
for organic carbon and all 11 had data for black carbon. The sulphate and sea salt25

concentration data for EMEP stations were not available for year 2008. The observed
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data includes the mass concentrations of particles smaller than 2.5 µm in diameter.
The modeled mass concentration of sulphate, organic and black carbon is accounted
for particles under 700 nm in diameter while the modeled mass concentrations of sea
salt includes all smaller than 1.7 µm in diameter (bins 2a1–3a1).

In the organic carbon mass concentrations (Fig. 4a) we can see that SALSA under-5

estimates the surface concentrations. Out of the 117 comparison pairs in 45 (36.5 %)
the simulated concentrations are within a factor of two within the IMPROVE network
data. In only 12 (10.3 %) cases the discrepancy is over one order of magnitude. Sim-
ulated concentrations fall within one order of magnitude in all of the seven EMEP
sites. For both IMPROVE and EMEP the mean of simulated mass concentrations10

(0.80 µg m−3 and 1.02 µg m−3, respectively) are within a factor of two and three, re-
spectively, of the observed mean (1.05 µg m−3 and 2.79 µg m−3). M7 shows slightly
lower mean concentrations (0.73 µg m−3 for IMPROVE and 0.93 µg m−3 for EMEP) than
SALSA. However, there are only seven datapoints in EMEP comparison reducing the
representability of the average.15

The black carbon mass concentration mean (Fig. 4b) for gridpoints corresponding
to IMPROVE sites is 0.15 µg m−3 (0.16 µg m−3 with M7) which is 23 % lower than the
observed mean of 0.20 µg m−3. In 43 of the 117 cases (36.7 %), the simulated con-
centration is within a factor of two of the observed concentration. There are 17 grid-
points where the concentration differs more than 10-times from the observed. Thus20

at IMPROVE sites there is large variation, while on average the model captures con-
centrations quite well. The simulated mean of black carbon mass for EMEP sites is
0.39 µg m−3 (0.38 µg m−3 for M7) underestimating the observed mean of 0.85 µg m−3

by 54 %. The over- and underestimation is strong at some of the EMEP and IMPROVE
sites. The black carbon budget suggests that the underestimation is partly due mass25

associated with particles with diameter over 700 nm (Table 7).
In Fig. 4c scatterplot of SO4 is shown. In 58 (49.6 %) cases the concentration is

within a factor of two of the observations. The concentration of SO4 has a mean of
0.75 µg m−3 (0.66 µg m−3 with M7). It is within a factor of two of the mean of observed
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concentrations (1.27 µg m−3). The concentrations exceeding 1 µg m−3 are underesti-
mated using SALSA with largest underestimation reaching over one order of magni-
tude at three gridpoints. However, the modeled sulphate mass is only accounted to
700 nm while the observations include particles up to 2.5 µm which partly explains the
low concentrations.5

Sea salt mass concentrations (Fig. 4d) exhibit high variation. The simulated con-
centrations have a mean of 0.045 µg m−3 (0.16 µg m−3 with M7) underestimating the
observed mean of 0.13 µg m−3 by 65 %. Of the 117 cases only 36 (30.8 %) are within a
factor of two of the observed concentrations. The overall variation in sea salt concen-
trations is high and the discrepancy between observed and simulated concentrations10

can be as much as two orders of magnitude. The underestimation in larger particles
may be partly due to the coarse bin structure and partly by limitd transport.

4.2 Particle size distributions and concentrations in Europe

Asmi et al. (2011) have collected aerosol measurement data for European Integrated
Project on Aerosol Cloud Climate Air Quality interactions (EUCAARI; Kulmala et al.,15

2009, 2011) project sites for year 2008. We have compared a subset of these mea-
surements to simulated size distributions simulated with SALSA and M7. Figure 5
shows the modeled and observed annual median aerosol size distributions together
for six EUCAARI sites: Jungfraujoch (Jurányi et al., 2011), Hyytiälä (Hari and Kulmala,
2005), Mace Head (Jennings et al., 1991), Aspvreten (Tunved et al., 2004), Melpitz20

(Engler et al., 2007) and Pallas (Lihavainen et al., 2008). These sites include coastal
(Mace Head), mountain (Jungfraujoch), arctic (Pallas), boreal coniferous (Hyytiälä),
urban polluted (Melpitz) and mixed boreal coniferous and deciduous (Aspvreten) lo-
cations. For SALSA we have plotted the size distributions using binary and activation
nucleation mechanisms while for M7 only binary nucleation mechanism is available.25

By using the activation-type boundary layer nucleation the concentration of small
particles is increased. Size distribution modeled with SALSA using activation-type
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nucleation in the boundary layer shows better agreement with observations of parti-
cles smaller than 50 nm in diameter than with binary nucleation, which is in-line with
earlier studies with activation-type nucleation(e.g. Spracklen et al., 2010; Kazil et al.,
2010). Contrary to activation-type nucleation, the concentrations produced using bi-
nary nucleation by either of the models show significantly lower concentrations than5

observed. At the selected sites there is little or no difference in concentrations of par-
ticles larger than 80 nm in diameter between binary or activation-type nucleation with
SALSA. Thus the concentrations of these particles depend heavily on the emissions
and the higher concentrations of small particles with activation-type nucleation do not
grow to larger sizes. The growth of nucleation mode particles could be increased with10

the inclusion of organic vapors.
Both SALSA and M7 show similar concentrations when using binary nucleation at

four of the six sites. While at Jungraujoch and Mace Head the Aitken mode particles
have very low concentrations with SALSA. The concentration of these particles is in-
creased when using activation-type nucleation. However, the increased concentra-15

tions of these particles have very limited effect on the concentration of paticles 50 nm–
100 nm in diameter.

In Fig. 5 panels c, d and e we see that the concentrations of particles 200 nm in di-
ameter are clearly higher with SALSA than with M7. At these sites SALSA is closer to
observed concentrations while it has trouble predicting the concentrations of particles20

50 nm–100 nm in diameter seen in observations and simulation with M7. This is possi-
bly caused by scavenging of small particles by coagulation and too low condensational
growth of smaller particles.

The particles 100 nm–500 nm in diameter contribute most of the cloud condensation
nuclei, therefore this size range is important for cloud activation studies. The cloud25

activation occurs mainly in diameter range 50 nm–200 nm and compared to M7, SALSA
shows better agreement to observations for these particles in polluted regions and
similar agreement in regions with clean air. However, the concentrations remain lower
than observed, which is mainly caused by the missing condensation of organic vapors
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which has been shown to have large impact on the growth of particles in this size range
by Riipinen et al. (2011).

Figure 6 shows the histograms of concentrations of 100–500 nm particles (N100) at
six EUCAARI stations. The particle diameter of 100 nm corresponds roughly to acti-
vation at critical supersaturation of 0.3 % for Finnish background aerosol (Sihto et al.,5

2010). In four cases SALSA shows wider frequency of concentrations with higher fre-
quencies at the larger concentrations than M7. In Mace Head the higher concentrations
associated with polluted air are not reproduced with either models while the concen-
trations associated with marine air are well reproduced with SALSA. This supports the
good agreement between SALSA and observations in the marine distributions (Fig. 8).10

In Pallas and Hyytiälä M7 shows histograms slightly closer to observed than SALSA, al-
though the histograms with both models are similar. Overall, SALSA seems to produce
histograms of the particles at size range relevant to cloud actication closer to observed
than M7 indicating its better applicability to cloud activation studies. However, at sites
with cleaner air (Pallas and Hyytiälä) M7 performs better further indicating that with too15

low growth of particles above 50 nm in diameter, N100 depends largely on emissions.
The inclusion of organic vapors should increase the number of particles in diameter

range important for cloud activation. The importance of influence of organic vapors on
the cloud condensation nucleii concentrations is emphasised in clean environments.
While both models underestimate size range relevant for cloud activation, SALSA per-20

forms slightly better and it is more suitable for cloud activation studies than M7. Nev-
ertheless, the effect of organic vapors should be studied before the implementation of
cloud activation of particles.

4.3 Marine particle number size distributions

Heintzenberg et al. (2000) have compiled marine boundary layer (MBL) aerosol size25

distributions of three decades of cruise and flight measurements. In their work the
size distribution data has been presented as a log-normal bimodal distribution with
geometric mean diameter, standard deviation and concentration on both modes. The
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distributions have been reported for 10 different latitude bands. We have plotted the
observed data together with simulated concentrations for SALSA and M7 (Figs. 7 and
8).

Figure 7 shows the average surface concentrations of particles larger than 20 nm
in diameter for 10 different latitude bands. SALSA and M7 concentrations are aver-5

aged from the same regions as the observations (Fig. 1 in Heintzenberg et al. (2000)).
The observed mean values are in the range 370–500 cm−3 while the simulated val-
ues can reach over 1500 cm−3 in the Southern Ocean. There we can see the largest
discrepancy as the simulated particle concentrations for SALSA are 4-fold over the
observed values. In the tropics SALSA and M7 show similar concentrations of parti-10

cles. Still the concentrations with SALSA are higher than those with M7 in almost all
latitude bands. The largest difference is seen in the Southern Ocean where SALSA
produces five times higher concentrations of particles larger than 20 nm in diameter
than M7. This difference is seen because measurement locations between Antarctica
and South America coincide with a regions with high concentrations of sulphuric acid.15

The high amount of sulphuric acid causes stronger growth of freshly formed particles
by condensation with SALSA than with M7, resulting in high concentrations of particles
20 nm–50nm in diameter. While on average M7 is underestimating the concentrations
with 320 cm−3 the new sea salt formulation of SALSA is overestimating the number
concentrations with mean of 670 cm−3 over the observed mean of 450 cm−3. Despite20

overpredicting the mean concentration, SALSA mostly shows better agreement than
M7. Furthermore, SALSA captures the concentrations at the roaring fourties (40◦–
49◦ S) much better than M7.

Simulated and observed particle size distributions in Fig. 8 are shown for annual
mean surface concentrations in 12 latitude bands using gridpoints corresponding to the25

15◦ ×15◦ gridboxes as explained by Heintzenberg et al. (2000). SALSA shows much
better agreement with observed concentrations than M7. Especially for the particles
with diameters 0.1 µm–1µm SALSA shows better agreement with the observations than
M7. Moreover, SALSA reproduces the magnitude of the observed concentrations quite
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accurately. Both models show high concentrations of small particles in the Southern
Ocean. While the larger diameter mode seen in the observations has much lower
concentrations with M7 it is produced more accurately with SALSA. Additionally SALSA
has high concentrations of small particles. This is also seen as the overestimation of
particle concentration in the Southern Ocean (Fig. 7). However, these small particles5

do not include sea salt and thus are produced by nucleation rather than by emission
from the ocean.

5 Comparison to remote sensing observations

5.1 Aerosol optical depth

The simulated aerosol optical depth (AOD) is compared with satellite and ground-10

based measurements. The satellite retrievals include both the Moderate Resolution
Imaging Spectrometer (MODIS) (Remer et al., 2005) and Multi-angle Imaging Spectro-
Radiometer (MISR) (Martonchik et al., 1998) instruments. Because the MODIS AOD
over land areas has high uncertainties (Levy et al., 2010; Pinty et al., 2010) we use
a composite of the MODIS and the MISR instruments. The MODIS is used for ocean15

and MISR for land gridpoints. Ground-based measurements are gathered from the
AERONET robotic network of sunphotometers (Holben et al., 1998).

MODIS and MISR level 3 data which have a spatial resolution of 1×1 degree
were downloaded from NASA’s Giovanni (Acker and Leptoukh, 2007) web portal
(http://daac.gsfc.nasa.gov/giovanni/). The composite MODIS-MISR annual mean is20

calculated from monthly mean values.
The globally averaged aerosol optical depth for SALSA run with binary nucleation is

0.08 which is clearly lower than 0.12 calculated with M7. When calculating the AOD
for gridpoints with available MODIS-MISR data the global annual average for satellite
composite is 0.16. Mean AOD for gridpoints with satellite composite data is 0.11 with25

SALSA and 0.15 with M7. While the AOD at high latitudes is approximately the same
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with both models, the AOD at the tropics is lower with SALSA resulting with lower global
mean AOD.

Figure 9a shows the observed clear sky annual mean aerosol optical depth (AOD)
composite of the satellite retrievals. Figure 9b shows the difference with SALSA to
satellite retrieval, while Fig. 9c has the difference with M7. Although the SALSA global5

annual mean aerosol optical depth is smaller than satellite retrieval the spatial dis-
tribution is quite good. The AODs over ocean gridpoints in the tropics are generally
within 0.02 of the satellite retrieval (Fig. 9). With both models the high latitudes have
much lower AOD than satellite retrievals, especially over Siberia in Russia and in the
coast of Alaska the AOD is underpredicted. The AOD is lower probably partly due to10

old emission inventory and partly due to too low transport (Bourgeois and Bey, 2011)
from tropics and mid-latitudes towards the poles. Furthermore, MODIS sees a band
of higher AOD around Antarctica which the models do not reproduce. However, the
differences in this area are partly caused by the cloud fraction affecting the satellite
aerosol retrieval (Shi et al., 2011).15

Overall, the differences to observations at higher latitudes are similar between the
models while in the tropics and partly in the mid-latitudes, especially over oceans, M7
has AOD at least 0.05 higher than SALSA. Furthermore, in the Saharan dust bloom
over North Atlantic Ocean M7 shows AOD 0.15 higher than observed while SALSA
shows only 0.02 difference to observed AOD (Fig. 9). Over Siberia and Canada both20

models are underpredicting clearly with 0.2 smaller values than in MISR retrieval. In
Europe and the east coast of USA the AOD with SALSA is captured mainly within 0.02
of the observed while M7 shows differences over 0.05.

In a sensitivity test we found that replacing the M7 modal standard deviations with
those suggested by Dentener et al. (2006) (see Sect. 2.6.1) the AOD between Africa25

and South America rose at most by 0.02 (not shown). However, this has only 0.001
effect on the global annual mean AOD. Similarly, activation-type nucleation has no
effect on the AOD despite the increase in 50 nm particles. This is expected because
their effect on the concentration of particles larger than 200 nm is very low (see Fig. 5).
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Even though M7 achieves to produce better agreement in terms of overall average,
this is because M7 underpredictions at high-latitudes are compensated with overpre-
dictions at mid-latitudes. The underprediction at high-latitudes is seen with both models
and is probably due to low transport of aerosols towards the poles as stated earlier. The
low transport of aerosols to polar regions is a well documented problem with several5

global aerosol models (Shindell et al., 2008; Koch et al., 2009; Korhonen et al., 2008).
In Fig. 10 we show the AERONET (Holben et al., 2001) robotic network level 2 data

for AOD for 42 sites with monthly mean data for 2008. The simulated data are plot-
ted as box plots against five observed AOD ranges. SALSA shows somewhat lower
variation compared to M7 with a lower median in all ranges. The AOD at aeronet sites10

is mainly below 0.3 and for these occurrences both models show mostly AODs within
the range. In the smallest range from 0.0 to 0.1 SALSA is underestimating slightly less
than M7. For the AOD from 0.1 to 0.2 SALSA is underestimating and having lower
extreme values compared to M7. In all the three smallest AOD classes where the ob-
served AOD is under 0.3 the median for SALSA is 0.10 which is lower than AERONET15

AOD of 0.12. M7, however, has a median AOD of 0.14 which is higher than either
SALSA or AERONET. Both models underestimate the observed values exceeding 0.3.
Usually the high AOD corresponds to extreme events such as dust blooms and are
often underpredicted with global models. However, the most frequent small AODs are
reproduced relatively accurately.20

5.2 Ångström exponent

Figure 11 shows the Ångström exponent over oceans for SALSA, M7 and MODIS. The
uncertainty of MODIS instrument is large over land and therefore we have inclued the
Ångström exponent only over oceans (Mielonen et al., 2011). The Ångström exponent

ANG=
lnAOD1− lnAOD2

lnλ2− lnλ1
(9)25
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provides information on the absorption and scattering of radiation depending on the
aerosol size within the air column. Smaller numbers indicate higher optical importance
of coarse particles while larger Ångström exponent indicates stronger influence of ac-
cumulation particles on the radiative transfer. Mean for MODIS over oceans is 0.74
while the models show much higher Ångström exponent with 1.39 and 1.13 for M75

and SALSA, respectively. As the Ångström exponent is a qualitative parameter the
overall distribution of the parameter is more important than its exact values. SALSA
has similar spatial distribution with the satellite retrieval over oceans as the smallest
Ångström exponent values are found over the Southern Ocean and west of Sahara.
However, the magnitude is clearly too low indicating that over oceans there should be10

fewer large particles than either of the models predict.

6 Conclusions

In this study we have implemented and evaluated the Sectional Aerosol module
for Large Scale Applications (SALSA) within aerosol-climate model ECHAM5-HAM.
SALSA consists of an optimised sectional structure with 20 sections having 10 sections15

in size space. Simulated constituents include sulphate, organic carbon, black carbon,
sea salt and dust. The differences to the HAM default aerosol microphysical model M7
have been descibed in detail. The major difference to M7 (or any modal model) is that
in SALSA no assumptions of the size distribution shape are made, which is a great
advantage especially in modeling cloud droplet activation and/or new particle forma-20

tion. For the evaluation we have simulated the aerosol population for year 2008. The
number and mass concentrations are compared with other models and observations.

The global annual mean aerosol column burdens fall mostly within results from
other models included in AeroCom intercomparison (Textor et al., 2006) and Liu et al.
(2005b). On average the surface mass concentrations of organic carbon, black carbon25

SO4 and sea salt are close to observed but slightly underestimated. In case of organic
carbon, black carbon and SO4 changes of emissions of these material between 2000
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and 2008 play a clear role. This should be investigated by using emission inventories
and observations for the same year including observations from South America, Asia
and Africa.

Annual median size distributions with binary nucleation show similar concentrations
as M7. However, for both models the concentrations are almost one order of magnitude5

lower than observed (Fig. 5). For the simulation run with activation-type boundary layer
nucleation the concentration of particles smaller than 50 nm in diameter shows better
agreement with observations than with binary nucleation. However, the growth of these
particles is too low and 50 nm to 200 nm diameter particle concentrations are lower than
observed. One reason for too limited growth is the lack of organic vapors in this study.10

The effect of organic vapors on the growth of particles will be studied in the future. The
frequencies of 100 nm to 500 nm (important size range for cloud activation) particle
concentrations (Fig. 6) show somewhat infrequent high concentrations with SALSA
although compared to M7 the histograms are closer to observed. Therefore SALSA is a
good choice for studying cloud activation in aerosol-climate models. Latitudinal annual15

mean aerosol concentrations over Oceans capture the observed size distributions well
(Fig. 8). The agreement with observations is especially good for particles 0.1–1.0 µm
in diameter.

Although the concentrations of particles smaller than 50 nm in diameter are in-
creased with activation-type nucleation the change in AOD remains negligible, which20

is supported with the concentrations of optically active particles remaining very close
to those produced by binary nucleation.

The modeled global annual mean AOD with SALSA was found to be lower than the
composite of satellite retriavals and lower than AERONET. The most significant contri-
butions to global AOD come from Saharan dust and from polluted areas in India and25

China. However, the simulated AOD is in good agreement with MODIS-MISR satel-
lite composite over tropical Oceans and parts of EU and USA with SALSA (Fig. 9).
With the high-latitude AOD being underestimated and tropical AOD close to satel-
lite retrievals the global annual mean AOD is underpredicted. Therefore the aerosol
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emissions and transport into polar regions needs to be studied in the future. Never-
theless, very few number of sections is needed to produce AOD close to observed
especially over oceans. This is achieved by carefully selecting correct bin widths, com-
positions and external mixing in the size distribution.

Ångström exponent distribution has lowest values over the Southern Ocean and west5

of Saharan desert as also seen with MODIS retrieval, indicating large sea salt parti-
cle contribution in these areas while also Saharan desert dust affects the Ångström
exponent.

Although in many aspects SALSA performs adequately further improvement is
needed: (1) the growth of particles 50–300 nm in diameter is underestimated and10

the effect of organic vapors on the growth should be investigated in the near future.
(2) The poleward transport of aerosols depends largely on their removal by wet de-
position. Thus the calculation of wet deposition should be modified for the sparse
sectional structure. (3) The mass of different compounds should be investigated using
emissions and observations for the same year and broaden the observations to include15

all the continents. In addition, the change of using sectional distribution of emissions in-
stead of M7 modal parameters should be investigated. (4) Recent advances in remote
sensing of vertical distribution of aerosols as well as in-situ measurements onboard
aircrafts should be used to validate the vertical distribution of aerosols in SALSA.
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Petäjä, T., Kerminen, V.-M., Boy, M., and Kulmala, M.: Seasonal variation of CCN concen-
trations and aerosol activation properties in boreal forest, Atmos. Chem. Phys. Discuss., 10,
28231–28272, doi:10.5194/acpd-10-28231-2010, 2010. 365125

Smith, M. and Harrison, N.: The sea spray generation function, J/ Aerosol Sci., proceedings
of the 1998 International Aerosol Conference Part 1, 29, S189–S190, doi:10.1016/S0021-
8502(98)00280-8, 1998. 3637

Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M. P., and Mann, G. W.: A global
off-line model of size-resolved aerosol microphysics: I. Model development and prediction30

of aerosol properties, Atmos. Chem. Phys., 5, 2227–2252, doi:10.5194/acp-5-2227-2005,
2005. 3625

Spracklen, D. V., Carslaw, K. S., Merikanto, J., Mann, G. W., Reddington, C. L., Pickering, S.,

3668

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3623/2011/gmdd-4-3623-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acpd-11-1457-2011
http://dx.doi.org/10.5194/acp-11-557-2011
http://dx.doi.org/10.5194/acp-8-5353-2008
http://dx.doi.org/10.5194/acp-6-4079-2006
http://dx.doi.org/10.5194/acp-6-4079-2006
http://dx.doi.org/10.5194/acp-6-4079-2006
http://dx.doi.org/10.5194/acpd-10-28231-2010
http://dx.doi.org/10.1016/S0021-8502(98)00280-8
http://dx.doi.org/10.1016/S0021-8502(98)00280-8
http://dx.doi.org/10.1016/S0021-8502(98)00280-8
http://dx.doi.org/10.5194/acp-5-2227-2005


GMDD
4, 3623–3690, 2011

SALSA
implementation in

ECHAM5-HAM

T. Bergman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Ogren, J. A., Andrews, E., Baltensperger, U., Weingartner, E., Boy, M., Kulmala, M., Laakso,
L., Lihavainen, H., Kivekäs, N., Komppula, M., Mihalopoulos, N., Kouvarakis, G., Jennings,
S. G., O’Dowd, C., Birmili, W., Wiedensohler, A., Weller, R., Gras, J., Laj, P., Sellegri, K.,
Bonn, B., Krejci, R., Laaksonen, A., Hamed, A., Minikin, A., Harrison, R. M., Talbot, R.,
and Sun, J.: Explaining global surface aerosol number concentrations in terms of primary5

emissions and particle formation, Atmos. Chem. Phys., 10, 4775–4793, doi:10.5194/acp-10-
4775-2010, 2010. 3650

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L., Tegen, I.,
Werner, M., Balkanski, Y., Schulz, M., Boucher, O., Minikin, A., and Petzold, A.: The aerosol-
climate model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125–1156, doi:10.5194/acp-5-1125-10

2005, 2005. 3625, 3626, 3627, 3633, 3634, 3635, 3636, 3637
Stokes, R. and Robinson, R. A.: Interactions in aqueous nonelectrolytes solutions, I, Solute-

solvent equilibria, J. Phys. Chem., 70, 2131 doi:10.1021/j100879a010, 1966. 3630
Tegen, I., Harrison, S. P., Kohfeld, K., Prentice, I. C.and Coe, M., and Heimann, M.: Impact of

vegetation and preferential source areas on global dust aerosol: Results from a model study,15

J. Geophys. Res., 107, 4576, doi:10.1029/2001JD000963, 2002. 3639
Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T.,

Boucher, O., Chin, M., Dentener, F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S.,
Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I., Iversen,
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Table 1. Particle diameter limits within all sections in SALSA. Please note that the limits in
parallel size bins are the same.

Bin Solubility Minimum maximum
diameter diameter

1a1 soluble 3.00 nm 7.7 nm
1a2 soluble 7.7 nm 19.6 nm
1a3 soluble 19.6 nm 50.0 nm
2a1 soluble 50.0 nm 96.7 nm
2a2 soluble 96.7 nm 187.0 nm
2a3 soluble 187 nm 362.0 nm
2a4 soluble 362 nm 700.0 nm
2b1 insoluble 50.0 nm 96.7 nm
2b2 insoluble 96.7 nm 187.0 nm
2b3 insoluble 187.0 nm 362.0 nm
2b4 insoluble 362.0 nm 700.0 nm
3a1 soluble 0.70 µm 1.70 µm
3a2 soluble 1.70 µm 4.12 µm
3a3 soluble 4.12 µm 1.00 µm
3b1 insoluble 0.70 µm 1.70 µm
3b2 insoluble 1.70 µm 4.12 µm
3b3 insoluble 4.12 µm 1.00 µm
3c1 insoluble 0.70 µm 1.70 µm
3c2 insoluble 1.70 µm 4.12 µm
3c3 insoluble 4.12 µm 1.00 µm
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Table 2. The processes have been limited to a certain size ranges. Coagulation of large
particles is not considered due to low importance. Dry deposition and sedimentation have very
limited effect on the population in the smaller soluble size ranges. Nucleation only creates new
particles in the smallest size section.

Process 1a 2a 2b 3a 3b 3c

Nucleation ◦
Condensation ◦ ◦ ◦ ◦ ◦ ◦
Coagulation ◦ ◦ ◦
Wet deposition ◦ ◦ ◦ ◦ ◦ ◦
Dry deposition ◦ ◦ ◦ ◦
Sedimentation ◦ ◦ ◦ ◦
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Table 3. Compound distribution in the three subranges. Characters a-c after subrange indicator
refer to parallel subranges, a for soluble subrange, b for insoluble and c for cloud activating
insoluble subrange. In subrange 3 the number tracer is assumed to consist solely seasalt or
dust (marked with [◦]).

Abbrev. 1a 2a 2b 3a 3b 3c

Sulphate SU ◦ ◦ ◦
Organic carbon OC ◦ ◦ ◦
Black carbon BC ◦ ◦
Sea salt SS ◦ [◦]
Dust DU ◦ ◦ [◦] [◦]
Water soluble WS ◦
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Table 4. Cloud scavenging parameter Ri for the subranges of SALSA. The coefficients remain
the same for whole subrange with an exception with smallest size section 1a1 where the pa-
rameter has been defined separately as it is the only bin within the size range of nucleation
mode of M7.

Subrange Stratiform Stratiform Stratiform Convective
Liquid Mixed Ice Mixed

1a1 0.10 0.10 0.10 0.20
1a 0.25 0.40 0.10 0.60
2a 0.85 0.75 0.10 0.99
2b 0.20 0.10 0.10 0.20
3a 0.99 0.75 0.10 0.99
3b 0.40 0.40 0.10 0.40
3c 0.40 0.40 0.10 0.40
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Table 5. Complex refractive indices by compound at λ=550 nm.

Species Refractive index Reference

Black Carbon 1.85+7.1×10−1 Hess et al. (1998)
Organic 1.53+5.5×10−3 Hess et al. (1998)
Sulphate 1.43+1.0×10−8 Koepke et al. (1997)
Sea salt 1.49+1.0×10−8 Shettle and Fenn (1979)
Dust 1.52+1.1×10−3 Kinne et al. (2003)
Water 1.33+2.0×10−7 Downing and Williams (1975)
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Table 6. Annual mean global sulphur cycle calculated using SALSA and M7 as well as results
found in the literature. Additionally the simulated annual mean cover of low (1013–750 hPa),
middle (740–460 hPa) and high (440–50 hPa) clouds is included.

SALSA M7 Liu et al. (2005b) AeroCom
(Textor et al., 2006)

SO4 particle phase

Burden (Tg S) 0.64 0.64 0.53–1.07 0.66
Sources (Tg S yr−1)
Total 69.23 79.59 59.67
Emissions 1.77 1.77 0.0–3.5
Condensation 23.40 22.78
Nucleation 0.60 0.16
Aqueous oxidation 43.47 54.88 24.5–57.8

Sinks (Tg S yr−1) 60.92 77.95
Wet Deposition 59.46 75.38 34.7–61.0 53.0
Dry Deposition 1.47 2.42 3.9–18.0 7.23
Sedimentation 0.002 0.15

Lifetime (days) 3.61 2.92 4.12

H2SO4 gas phase

Burden (Tg S) 0.0007 0.0009
Sources (Tg S yr−1)
Total 27.88 23.06
SO2 + OH 25.47 20.41
DMS + OH 2.41 2.65

Sinks (Tg S yr−1)
Total 24.07 23.01
Wet Deposition 0.064 0.048
Dry Deposition 0.017 0.024
Condensation 23.40 22.78
Nucleation 0.60 0.16

Lifetime (minutes) 14.11 20.16
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Table 6. Continued.

SALSA M7 Liu et al. (2005b) AeroCom
(Textor et al., 2006)

SO2

Burden (Tg S) 0.64 0.87 0.20–0.61
Sources (Tg S yr−1)
Total 92.10 94.75
Emissions 71.03 71.03
DMS + NO3 4.86 5.39
DMS + OH 16.21 18.34

Sinks (Tg S yr−1)
Total 89.98 93.22
Wet Deposition 3.66 2.62 0.0–19.9
Dry Deposition 17.38 15.32 16.0–55.0
SO2 + OH 25.47 20.41 6.1–16.8
Aqueous oxidation 43.47 54.88 24.5–57.8

Lifetime (days) 2.55 1.96 0.6–2.6

DMS

Burden (Tg S) 0.08 0.09 0.02–3.0
Sources (Tg S yr−1)
Total 23.46 26.37 10.7–23.7

Sinks (Tg S yr−1)
Total 23.48 26.38
DMS + NO3 4.86 5.39
DMS + OH 18.62 21.00

Lifetime (days) 1.21 1.21 0.5–3.0

Cloud cover

Low clouds 0.17 0.19
Mid clouds 0.17 0.15
High clouds 0.24 0.24
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Table 7. Annual mean global black carbon, organic carbon, sea salt and dust budgets calcu-
lated using SALSA and M7 together with budgets found in the literature. For Liu and AeroCom
sedimentation is included in dry deposition).

SALSA M7 Liu et al. (2005b) AeroCom multimodel
mean (Textor et al., 2006)

Black carbon

Burden (Tg) 0.07 0.10 0.12–0.29 0.24
Sources (Tg yr−1)
Emissions 7.71 7.71 11.90

Sinks (Tg yr−1) 3.56 7.77 13.14
Wet deposition 3.08 7.14 7.8–13.7 10.51
Dry deposition 0.47 0.61 1.6–4.6 2.63
Sedimentation 0.008 0.02

Lifetime (days) 3.84 4.96 3.3–8.4 7.12
Organic carbon
Burden (Tg) 0.96 0.93 0.95–1.8 1.70
Sources (Tg yr−1)
Emissions 66.13 66.13 96.60

Sinks (Tg yr−1) 54.58 66.32 105.49
Wet 49.88 61.16 86.87
Dry Deposition 4.66 4.97 18.62
Sedimentation 0.044 0.19

Lifetime (days) 5.30 5.14 3.9–8.4 6.54

Sea salt

Burden (Tg) 11.73 12.56 3.41–12.0 7.52
Sources (Tg yr−1)
Emissions 7429.2 6234.8 1010–8076 16 600.00

Sinks (Tg yr−1) 7446.5 6277.3 13915
Wet Deposition 3054.6 3330.8 2168
Dry Deposition 1693.4 1328.0 11 747
Sedimentation 2698.5 1618.5

Lifetime (days) 0.58 0.74 0.19–0.99 0.48
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Table 7. Continued.

SALSA M7 Liu et al. (2005b) AeroCom multimodel
mean (Textor et al., 2006)

Dust

Burden (Tg) 13.11 19.3 4.3–35.9 19.20
Sources (Tg yr−1)
Emissions 720.4 1603.4 820–5102 1840.0

Sinks (Tg yr−1) 937.7 1649.3 2172.48
Wet Deposition 439.9 961.8 486–4080 560.64
Dry Deposition 106.4 116.3 183–1027 1611.84
Sedimentation 391.5 517.1

Lifetime (days) 6.64 4.39 1.9–7.1 4.14

Water soluble fraction in 3c

Burden (Tg) 0.0087 N/A
Sources (Tg yr−1)
Emissions N/A

Sinks (Tg yr−1) 0.32
Wet Deposition 0.26
Dry Deposition 0.016
Sedimentation 0.046

Lifetime (days)
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Fig. 1. Schematic of the SALSA sectional structure. There are three parallel sections a, b
and c in three subranges each consisting of three or four sections. Parallel size sections in
subclass a are soluble, in subclass b insoluble and in subclass c insoluble with possibility for
soluble coating enabling cloud activation.
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Fig. 2. Annual mean of vertically integrated column mass for year 2008 for (a) sulphate (SO4),
(b) organic carbon (OC), (c) black carbon (BC), (d) particulate water (WAT), (e) dust (DU) and
(f) sea salt (SS) simulated with SALSA. All units are mg m−2.
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Fig. 3. Annual means of zonally averaged global vertical concentration distribution of particles.
Left hand panels show concentrations with SALSA and right hand panels show the M7 con-
centrations mapped to SALSA subrange structure. Each panel corresponds to one subrange
of SALSA: from the top 1,2,3. For M7 the top most panel shows particle concentrations below
the 3 nm lower limit of SALSA.
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Fig. 4. Scatterplot of simulated and observed annual mean surface concentrations of organic
carbon, black carbon, sulphate and sea salt. Red circles indicate comparison with IMPROVE
network and blue squares represent EMEP network. Black symbols represent mean values of
respective symbols. Solid line indicates 1:1 ratio between observations and simulated values.
Similarly dot-dashed line indicates 1:2 and 2:1 ratios, and dotted lines indicate 1:10 and 10:1
ratios.
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Fig. 5. Observed and simulated annual median size distributions for six measurement stations
(a) Pallas, (b) Jungfraujoch, (c) Aspvreten, (d) Melpitz, (e) Mace Head and (f) Hyytiälä. Simu-
lated size distribution for M7 is plotted in blue solid line. Simulated size distributions for SALSA
are plotted with red solid line indicating activation type nucleation and with red dashed line for
binary nucleation. Observed annual median size distributions are plotted in black, with dashed
black lines showing the 95th and 5th percentiles of observed concentrations (Asmi et al., 2011).
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Fig. 6. Histograms of N100 concentrations at six EUCAARI stations. The concentration bins
are evenly distributed in the logarithmic concentration axes. Y-axis shows the relative fraction
of each bin compared to total number of valid measurements.
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Fig. 7. Total annual mean sea surface concentration of particles in 10 latitude bands. Observed
size distributions are marked with black, SALSA with red diamonds and M7 in blue squares. The
observed mean values for the latitude bands are shown in black circles. As the observations
have a lower cutoff diameter of 20 nm the modeled concentrations are shown only for particles
larger than 20 nm in diameter.
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Fig. 8. Annual mean surface size distributions on 12 15◦ latitude bands for SALSA (red), M7
(blue) and observations (black) collected by Heintzenberg et al. (2000). Model size distributions
have been calculated in the grid points corresponding to the locations of the observations.
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Fig. 9. Composite of retrieved annual mean of aerosol optical depth composite of MODIS
and MISR (a). The difference of AODs between MODIS/MISR composite and SALSA (b) and
M7 (c). Negative values indicate higher AOD with MODIS/MISR composite. Areas with no data
are marked with gray.
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Fig. 10. Box plots of simulated AOD at AERONET sites with (a) SALSA and (b) M7. The box
plot shows 25 % and 75 % as the box lower and upper boundaries, and the width of the box
indicates the relative amount of data. The line in the box shows the median, and the whiskers
show the 95% and 5 % percentiles. The red + signs show the simulated values outside the
accepted range (1.5 times the interquantile range). The simulated AODs are grouped to five
classes according to observed AOD.
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Fig. 11. Simulated and satellite retrieved annual mean Ångström exponent of
MODIS(550/865 nm), SALSA(550 nm/825 nm) and M7(550 nm/825 nm) for year 2008. Gray
areas either have no data or have been omitted.
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